Satellite DNA profiles have been characterized in the congeneric species Palorus ratzeburgii, Palorus subdepressus, Palorus genalis, and Palorus ficicola (Coleoptera, Insecta), each of which contains a single, AϩT-rich satellite DNA comprising a considerable portion of the genome (20%-40%). These satellites exhibit insignificant mutual sequence similarity. Using PCR assay, it has been shown that all four sequences are present in each of the tested Palorus species: one of them is amplified into a high copy number or a major satellite, while the three others are in the form of low-copy-number repeats estimated to make up approximately 0.05% of the genome. Each of the four satellites is interspecifically highly conserved concerning the sequence, monomer length, and tandem repeat organization. Major, as well as low-copy-number, satellites are colocalized in the regions of pericentromeric heterochromatin on all chromosomes of the complement. The low-copy-number satellites are dispersed between the large arrays of the major satellite over the whole heterochromatic block. Our results explain satellite DNA evolution, confirming the hypothesis that related species share a ''library'' of conserved satellite sequences, some of which could be amplified into a major satellite. Due to the evolutionary dynamics of satellite DNAs, the content of the ''library'' is variable; the elimination of some sequences parallels the creation of the new ones. Quantitative changes in satellite DNAs, induced by occasional amplification of satellite repeat from the ''library,'' could possibly occur in the course of the speciation process, thus forming a species-specific profile of satellite DNAs.
Introduction
Satellite DNA, as a structural component of all eukaryotic genomes, is characterized by a rapid evolutionary change in the quantitative as well as qualitative sense, making satellite profiles species-specific (Miklos 1985) . Despite rapid evolution, often resulting in the occurrence of completely different, highly abundant satellite sequences even in closely related sibling species (Hennig, Hennig, and Stein 1970) , there are examples of satellite sequences which are widely spread across distantly related species like the simple 6-bp satellite characteristic for the three major suborders of rodents (Fry and Salser 1977) . To explain these results, Salser et al. (1976) proposed a model for the evolution of satellite DNA according to which related species share a ''library'' of conserved satellite sequences. Some of these sequences could be amplified, creating a major satellite DNA of the particular species. However, due to the extreme diversity and complexity of satellite profiles, this hypothesis remained unconfirmed.
Different genetic processes are involved in the creation and spreading of satellite sequences. Replication slippage may be important for the initial creation of a satellite repeat which is often composed of simple subunits (Levinson and Gutman 1987; Walsh 1987) . Duplication of a subunit and its inversion or insertion of foreign DNA sequences induced by recombination processes led to the creation of a complex satellite repeat (Charlesworth, Sniegowski, and Stephan 1994) . The high copy number of repeats organized in megabaselong satellite arrays is theoretically explained as a consequence of an amplification process. The proposed mechanism of amplification is extrachromosomal rolling circle replication followed by reinsertion of tandem array into the genome (Walsh 1987) . Detection of circular, extrachromosomal alphoid-like, and ␤ satellite DNA in humans supports this model of amplification (Okumura, Kiyama, and Oishi 1987) . Satellite arrays are further subjected to the influence of unequal crossing over and gene conversion whose final outcome is a striking intraspecific similarity of satellite repeats contrary to high interspecific difference (Smith 1976; Dover 1986 ). The distribution pattern of mutations in repetitive DNA which shows high intraspecific similarity is known as concerted evolution (Dover 1986 ). There is experimental evidence that satellite DNA can already undergo concerted evolution at the level of local population and in this way contributes to the overall DNA sequence divergence between the populations (Elder and Turner 1994) . Whether or not these differences in some way stimulate speciation, remains to be explained.
Species from the family Tenebrionidae represent a simple model system to study satellite DNAs. Most of the analyzed species contain a single highly abundant satellite DNA which can make up to 50% of the genome, located in the regions of pericentromeric heterochromatin of all chromosomes (Petitpierre et al. 1995) . In general, tenebrionid satellites differ significantly in sequence, and even those from sibling species of the genus Tribolium exhibit insignificant sequence similarity (Ugarković, Podnar, and Plohl 1996) .
In order to provide experimental support for the existence of a ''library'' of satellite sequences, we screened satellite DNA profiles in a set of congeneric species: Palorus ratzeburgii, Palorus subdepressus, PaEvolution of Satellite DNAs from the Genus Palorus 1063 lorus ficicola, and Palorus genalis. Each of these species contains a single highly abundant major satellite DNA lacking any significant sequence similarity among themselves. Using specific PCR primers, the presence of the sequences highly homologous to each of the four satellites has been proved in each of the analyzed Palorus species. Our results clearly show that these species share conserved, unrelated satellite sequences. During or after the speciation process amplification of a single particular satellite sequence had occurred in each of the species creating a major satellite DNA, characteristic for each Palorus species.
Materials and Methods

Cloning and Sequence Analysis
Insect cultures used in this study were purchased from the Central Science Laboratory (Sand Hutton, York, U.K.), and genomic DNAs were isolated from pooled larvae and adults of each species by standard procedure. Major satellites were detected and cloned from the most prominent bands obtained after electrophoretic separation of genomic DNA digested with appropriate restriction enzymes (REs) according to the procedure described earlier (Ugarković, Podnar, and Plohl 1996) . Nucleotide sequences were analyzed and compared using PCGene program package and CLUSTAL W program. Genetic distances were calculated according to the twoparameter method of Kimura (1980) , and distance trees were calculated according to neighbor-joining method using the PHYLIP 3.5 computer package. The relative amounts of the major satellites were calculated from densitometry of electrophoretically separated genomic DNA digested with restriction enzymes having recognition sites in satellite consensus sequence. The relative amount of low-copy-number satellites was estimated by dot blot hybridization.
PCR Analysis
The following primer pairs were used to amplify the sequences homologous to the PSUB (5Ј-ATC AAG CCG ATT TAC AGC-3Ј and 5Ј-AAT CTG GCA AAT AAA CAG CAG-3Ј), PFIC (5Ј-TCG ACA AAT AAG ACA TAA TAC ATC-3Ј and 5Ј-AGG CTT AAT TAT ATT TAT TTC GGC C-3Ј), PGEN (5Ј-ATT AGC ATG ATT TAA GAC GTT TGG-3Ј and 5Ј-GCT AAA ATC AAA CAA AAT TCG ACG-3Ј), and PRAT (5Ј-GAA TCC GAA ACA AAA TCG TTC C-3Ј and 5Ј-GCT GAA ACC ATG CAA ACT TTA C-3Ј) satellites. PCR amplification was performed in a 25-l reaction mixture composed of 1 ϫ AmpliTaq buffer (supplied by Perkin Elmer), 2.5 mM MgCl 2 , 0.2 mM dNTPs, 1 U AmpliTaq DNA polymerase, 20 ng of template DNA (or 40 pg in the case of the positive control) and 0.4 M of each primer. DNA amplification was carried out in a GeneAmp PCR System 9600 (Perkin Elmer). The program started with predenaturation at 94ЊC for 3 min, followed by 35 cycles of 1 min at 94ЊC for denaturation, 1 min at 52ЊC, 58ЊC, or 60ЊC (depending on the primer pair) for annealing and 1 min at 72ЊC for extension. The final extension was at 72ЊC for 10 min. Probe labeling, Southern hybridization and detection were accomplished using DIG DNA labeling and detection kit (Boehringer Mannheim) under conditions described previously (Ugarković, Podnar, and Plohl 1996) . Products amplified by PCR using the primer pair for the PRAT satellite and P. subdepressus genomic DNA as a template were cloned into T-vector (Marchuk et al. 1990 ) and sequenced.
Primed In Situ Labeling (PRINS)
Meiotic and mitotic chromosome spreads were obtained from male pupae gonads by the standard squash method . After denaturation in a mix of 70% formamid and 2 ϫ SSC for 2 min at 70ЊC the slides were quickly transferred in a cold ethanol series (70%, 90%, 100%) and air-dried. The reaction mixture, containing 8 M primer; 2.5 mM MgCl 2 ; 200 M each of dATP, dCTP, and dGTP; 20 M dTTP; 20 M biotin-16-dUTP; 1 U AmpliTaq polymerase; and 1 ϫ AmpliTaq buffer (Perkin Elmer) in a final volume of 50 l was applied on a preheated slide and spread with a coverslip and continued to heat at the selected annealing temperature (52ЊC, 58ЊC, or 60ЊC) for 5 min. The chain elongation was allowed to proceed for 30 min at 72ЊC. The reaction was stopped by washing twice in ''stop'' buffer (50 mM NaCl, 50 mM EDTA, pH 8.0) at 72ЊC for 5 min. The slides were washed in a mix of 4 ϫ SSC and 0.05% Tween 20 at room temperature and immunological detection was achieved by the avidin-FITC system with amplification (Pinkel et al. 1986 ). The chromosomes were counterstained with propidium iodide and DAPI and photographed with fluorescence optics in an Opton microscope.
Results
The consensus sequences of satellite DNAs termed PRAT, PSUB, PFIC, and PGEN, belonging to species P. ratzeburgii , P. subdepressus (Plohl et al. 1998) , P. ficicola, and P. genalis, respectively, are shown in figure 1. All four satellites are AϩT-rich and, due to the high abundance in the particular genome (20%-40%), are considered major satellites, characteristic for each Palorus species (table 1). The sequence of the PRAT satellite monomer is unique, without any detectable subunits ). On the contrary, monomers of PSUB (Plohl et al. 1998) and PFIC are both composed of two 72-bp-long subunits, while the complex repeating unit of PGEN can be resolved into three related subunits of 143 bp. Pairwise sequence comparison of four satellites revealed insignificant sequence similarity below 55% for each pair except the PRAT-PGEN, pair which has a similarity of 61%.
Pairs of PCR primers for each Palorus satellite were constructed ( fig. 1) , and amplification reaction was performed on genomic DNA isolated from four mentioned Palorus species. In addition, genomic DNA from congeneric species Palorus cerylonoides, together with the DNA from the mealworm Tenebrio molitor, belonging to another genus of the same family Tenebrionidae, was also included in the PCR analyses. PCR reaction was performed on genomic DNA isolated from pooled individuals from each species as well as on DNA isolated from a single individual of each species. Both types of analyses gave the same PCR profiles: bands of expected size were obtained with each primer pair in all Palorus species, while in T. molitor genomic DNA no amplification occurred ( fig. 2A-D) . The regular ladderlike pattern visible in all of the lanes points to the tandem arrangement of the repeating units, characteristic of satellite DNA. Southern hybridization analysis of the PCR products was performed under high-stringency conditions using cloned PRAT, PSUB, PGEN, and PFIC as a probe ( fig. 2) . The results revealed the presence of low-copy-number sequences homologous to the four major satellites in all tested Palorus species. According to the stringent hybridization conditions, they have high sequence homology to the corresponding major satellite and have also preserved the monomer length and the tandem type of organization. A mix of PCR products, obtained after amplification of P. subdepressus DNA with primers for the PRAT satellite, was cloned into a plasmid vector, and 14 positives were sequenced. They have high sequence homology to the PRAT satellite, falling into the range of its internal sequence variability of 2.3%. It was not possible to detect any particular mutation that would unequivocally distinguish between monomer sequence variants belonging to the PRAT satellite cloned either from P. ratzeburgii or P. subdepressus ( fig. 3 ). Therefore, it can be concluded that the cloned satellite from the P. subdepressus genome is highly homologous to its abundant satellite counterpart from P. ratzeburgii. It can be estimated that this, as well as each of the detected low-copy-number satellites, make up to 0.05% of the genomic DNA in analyzed Palorus species. Species from the genus Palorus have a conserved karyotype with a diploid chromosome number of 2n ϭ 20 (9ϩ XY p ) (Juan and Petitpierre 1991) . Chromosomes are small (1-3 m in size), which makes good resolution difficult. A large block of heterochromatin, located pericentromerically on all chromosomes, contains major satellite DNA (Plohl et al. 1998) . Primed in situ labeling analysis was used to localize low-copy-number satellites on the chromosomes of different Palorus species (fig.  4) . The fluorescent signal is visible in the heterochromatic regions of all chromosomes. It is in the form of small dots dispersed evenly over the whole heterochromatic block, indicating interspersion of short arrays of low-copy-number satellites within the large arrays of the major satellite.
Discussion
Studies on interspecific distribution of satellite DNAs revealed their restriction to a group of species which can be related at different taxonomic levels, like genus (Varley, Macgregor, and Barnett 1990) , family (Modi, Gallagher, and Womack 1996) or even order (Arnason, Gretarsdottir, and Widegren 1992) . Recent data on satellite DNAs from different plant genera also confirm the spreading of a particular satellite sequence over the most of congeneric species (Pich, Fritsch, and Schubert 1996) . However, due to the high interspecific variability in the copy number, the presence of the satellite can sometimes be proved only by a sensitive PCR method (King, Jobst, and Hemleben 1995) . Such distribution of a satellite DNA among taxonomicaly related species and the absence of data showing the occurrence of the same satellite DNA in phylogeneticaly unrelated groups makes the possibility of horizontal transfer of satellite repeats between species highly improbable.
Interspecific comparison of sequences belonging to a particular satellite DNA family reveals a gradual sequence evolution, mostly due to single-base substitutions (Arnason, Gretarsdottir, and Widegren 1992; Bachmann and Sperlich 1993) . The substitution rate calculated for the Drosophila ATOC180 satellite is roughly twice as high as the average rate of synonymous substitutions in Drosophila genes (Bachmann and Sperlich 1993; Li 1997) . The high rate of satellite sequence evolution could be explained as a consequence of concerted evolution, with new mutations being spread within the repetitive family, followed by their fixation in the particular species. The PRAT satellite revealed the same intra-and interspecific sequence variability of 2.3%. Although the time of separation of Palorus species is not known, the high interspecific sequence conservation of four satellites and the absence of species-diagnostic mutations indicate the relatively recent speciation process. Interspecific crossing between species of the genus Palorus, either in nature or in laboratory conditions, has never been reported, pointing to their complete reproductive isolation.
The ''library'' hypothesis predicts the presence of a number of low-copy satellites within related species and the amplification of one or a few of them into major satellite(s) in each of the species (Salser et al. 1976 ). Screening of congeneric Palorus species favors this model of satellite DNA evolution. It is assumed that in another group of related species, using a sensitive PCR method, some other ''library'' of satellite sequences would be detected. The four described Palorus satellites exhibit no significant sequence similarity; they differ in internal sequence organization and thus are very probably of different origins. Inability to detect homologous sequences in the species Tenebrio molitor, from the same family of Tenebrionidae, indicates that the examined sequences are restricted to the genus Palorus. The exact nature of the amplification process leading to the formation of the high-copy-number satellite DNA is not known, but within the genus Palorus it is very efficient, differentially amplifying some sequences shared by closely related species into high-copy-number satellites. Concurrently, the process of unequal crossing over could lead to the further relative increase in copy number of a newly amplified satellite at the expense of other satellite sequences present in the genome. This explains the observed satellite profile composed of a major satellite and a number of low-copy-number satellites. Our previous study on satellite DNA organization in T. molitor demonstrated high efficiency of recombination processes like gene conversion and unequal crossing over, involved in the spread of repeat variants (Plohl et al. 1992) . It has been proposed that the amplification process depends on the frequency of recombination (Walsh 1987) . Theoretical studies on satellite DNA dynamics explain its loss from the genome by the mechanism of unequal crossing over, demonstrating an inverse correlation between the preservation time of the satellite and the rate of crossing over (Stephan 1986) . The differences in the frequency of recombination between groups of species can at least partially explain why in some tax-1066 Meštrović et al.
FIG.
3.-Unrooted neighbor-joining dendrogram of PRAT satellite sequences cloned either from P. subdepressus (RINS clones having accession numbers AF036721-AF036734) or from P. ratzeburgii (rms clones) . Bar represents genetic distance calculated according to the two-parameter method of Kimura (1980) .   FIG. 4. -Localization of low-copy-number satellites as well as the major satellite on chromosomes of P. subdepressus. Two sets of chromosomes (A) at the meiotic prophase, stained with fluorochrome DAPI, which induces a bright fluorescence of heterochromatic blocks, and (B) after PRINS using primers for the PFIC satellite. (C) As a positive control, PRINS was performed using primers for the PSUB satellite on meiotic prometaphase chromosomes counterstained with propidium iodide. Difference in signal intensity between B and C corresponds roughly to the difference in the genomic content between major and low-copy-number satellites. Bar ϭ 3 m. onomic groups satellites remain preserved over a long evolutionary time and do not show such an abrupt change in the content between related species, such as the four described Palorus satellites.
The ''library'' hypothesis, however, does not predict whether any of the sequences from the library can be amplified into a major satellite, or if there is a selective pressure favoring some of the sequences. Evidence for selection acting on human alpha satellite DNA, particularly on the 17-bp motif or CENP B box, has recently been reported (Romanova et al. 1996) . The motif represents the binding site for the centromeric protein CENP-B, shown to be conserved in a number of mammalian species. However, the binding DNA motif in these species is pretty degenerate (Kipling and Warburton 1997). A CENP-B homologue protein has also been characterized in Schizosaccharomyces pombe, binding to the 10-bp AϩT-rich motif in centromeric DNA (Lee, Huberman, and Hurwitz 1997) . This could explain how the major satellites can perform the same protein-binding function despite different origins and insignificant sequence similarity. It seems reasonable to propose that analogous proteins are present in Palorus species, binding to some short motif, which is, however, not necessarily perfectly conserved among the major satellites. In addition, all Palorus satellites have some common structural characteristics: their basic repeat lengths are grouped around 140 bp and they exhibit sequence-induced DNA curvature resulting in a superhelical tertiary structure. This led to a proposal that such structural features could be under selective constraint, acting as a recognition signal in interaction with proteins (Plohl et al. 1998) .
The cytogenetic study revealed the correspondence in locations of all major and low-copy-number satellites in pericentromeric heterochromatin of the congeneric Palorus species. Chromosomes of two subspecies of Chironomus, C. thumi thumi and C. thumi piger, have homologous C bands which, however, differ in size due to the variability in copy number of the common satellite repeat between the subspecies (Schaefer and Schmidt 1981) . It can be postulated that a change in satellite profile caused by differential amplification of some low-copy satellite repeat occurs during the speciation process. Nuclear DNA content is not constant within a species, and its variation is mostly due to a change in the copy number of repetitive DNA (Charlesworth, Sniegowski, and Stephan 1994) . Measurement of DNA content in different Tribolium species revealed a significant intraspecific difference; for instance, some individuals of T. anaphe differ by as much as 25% in their genome sizes (Alvarez-Fuster, Juan, and Petitpierre 1991) . We could propose that such a difference results from sudden amplification of satellite DNA, its spread by a mechanism of unequal crossing over, and its fixation within some individuals in a population. Any reduction of fecundity in crosses between individuals differing significantly in the amount of satellite DNA could lead to disequilibrium within a population. In that case quantitative changes in satellite DNAs among individuals could act as a trigger in the speciation process contributing to the establishment of genetic barriers.
